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Importantly, guidelines on how to prevent hydrolysis, termination and side reactions of PDMAEA as well as how to purify and store such materials are also provided and discussed.
Introduction
Polyamines have attracted considerable interest due to the presence of cationic nitrogen atoms that allow for pH tuning and the formation of pH responsive nanoparticles structures that self-assemble in aqueous solution. [1] [2] [3] These properties render polyamines a good candidate for a wide range of applications such as gene delivery 4 , waste water treatment 5 , paper making 6 and cosmetics 7 . In comparison to the analogous methacrylate, poly(dimethylaminoethyl methacrylate) (PDMAEMA), poly(dimethylaminoethyl acrylate) (PDMAEA) has attracted further interest due to its ability to provide a timed release mechanism facilitated by its selfcatalysed hydrolysis in water to polyacrylic acid and N,N'-dimethylaminoethanol. 8, 9 Several reversible-deactivation radical polymerisation (RDRP) methods have been employed in an attempt to provide PDMAEA) with high end group fidelity and narrow molecular weight distributions (MWDs). Cunningham and co-workers 10 utilised nitroxide mediated polymerisation (NMP) 11 at 100°C to control the polymerisation of DMAEA, resulting in relatively low molecular weight polymers (Mn ~ 8800 g mol -1 , Ð ~ 1.29) and broad MWDs when a higher molecular weight was targeted (Mn ~ 13000 g mol -1 , Ð ~ 1.47). Importantly, the chain extension of the homopolymers/macroinitiator with butyl acrylate gave high dispersities (Ð >1.4) and a significant low molecular weight shoulder, indicative of intense termination events and/or side reactions. High temperatures were used for all the experiments. 10 Reversible addition-fragmentation chain-transfer polymerisation (RAFT) 12 has also been employed for the controlled polymerisation of DMAEA. Monteiro and co-workers reported narrow MWDs (Ð ~ 1.17-1.26) for low molecular weight PDMAEA (Mn ~3000-8600 g mol -1 ). However, no chain extensions or block copolymerisations were reported.
to polymerise DMAEA employing a PDMS macro chain transfer agent at 70 °C. Although narrow MWDS were reported (Ð ~ 1.20), again chain extensions were not studied. 14 Additional reports 15 on RAFT, also show a preference to incorporate PDMAEA as the second or third block, instead of using it as a macroinitiator. 16, 17 The polymerisation of DMAEA by copper-mediated RDRP techniques is somewhat problematic compared to other acrylates monomers. 18, 19 This is attributed to the nucleophilic nature of the tertiary amine on the pendant groups that can react with the secondary halide on the polymer chain end. Thus, nucleophilic reactions can occur via intramolecular and/or intermolecular interactions. 20 Zhu and co-workers utilised atom transfer radical polymerisation (ATRP) 21, 22 at 70 °C to synthesise PDMAEA homopolymers up to Mn ~10000 with relatively broad MWDs (Ð ~ 1.43). Chain extension of PDMAEA macroinitiator was not reported. 20 Further ATRP reports utilised PDMAEA as the third block to yield well-defined materials. 23 High temperatures have been employed in all cases which could cause additional side reactions. [32] [33] [34] at ambient temperatures or below with a broad range of architectures, including stars, combs, brushes and multiblock copolymers. [35] [36] [37] Although the role of Cu(0) has been the centre of a scientific debate, it is however outside of the scope of this current study.
predictability, easy catalyst preparation and recyclability. 44, 45 In addition, none of the aforementioned reports, including Cu(0)-mediated RDRP have been employed for the synthesis of PDMAEA star homo and block copolymers.
Star polymers are of particular interest both in academia and industry due to their potential applications as viscosity modifiers, catalyst supports, polymer therapeutics, drug carriers and additives. [46] [47] [48] [49] [50] In comparison to their linear counterparts, star polymers possess additional properties thanks to their compact structures and high arm density. 47, 51 The major challenge in the synthesis of well-defined star polymers is bimolecular termination due to starstar coupling. 52 The high end group fidelity of Cu(0)-mediated RDRP suggests that it could potentially be an efficient tool for the synthesis of star polymers with narrow MWDs and low coupling. [53] [54] Indeed, Cu(0)-mediated RDRP has already been employed to yield well-defined stars, 55 including the synthesis of stars homopolymers in a biphasic system, which was shown to suppress star-star coupling. 56 However, non-functional monomers have been employed (typically methyl acrylate) in all cases, thus limiting the applications of the resultant materials. 57 Herein, we present the Cu(0)-mediated RDRP in dimethyl sulfoxide (DMSO) and isopropanol (IPA) solvents at ambient temperature to afford the synthesis of well-defined 4 and 8 arm PDMAEA stars. Polymerisation of DMAEA in either solvent using Cu(0) wire proceeds with controlled/living characteristics up to ~ 40% conversion, after which significant termination and/or side reactions start to occur as evidenced by SEC. This is highlighted in DMSO with a high molecular weight shoulder that increases throughout the polymerisation while in IPA a low molecular weight shoulder gradually forms suggesting loss of end group fidelity when longer reaction times are targeted. However, high end group fidelity can be maintained when the polymerisation is stopped at moderate conversions (35-50%) and the purified macroinitiator can subsequently facilitate the synthesis of well-defined block copolymers. In addition, a range of molecular weights can be synthesised (Mn ~ 5000-41000 g mol -1 ), exhibiting narrow MWDs (Ð ~ 1.1) in all cases. Due to the high reactivity of the tertiary amine of PDMAEA, the first instructions on how to efficiently terminate these polymerisations and subsequently purify and store the PDMAEA stars are also presented.
Experimental part

Materials
All materials were purchased from Sigma Aldrich or Fischer Scientific and used as received unless otherwise stated. DMAEA was used as it is. Distillation of DMAEA or passing the monomer through a column of alumina had no effect on the subsequent polymerisation (data not shown 0.72 equiv. with respect to initiator or 0.18 equiv. with respect to each initiating site/arm) was then introduced in the vial via a gas-tight syringe and the polymerisation was allowed to commence at ambient temperature. Samples were taken periodically under a nitrogen blanket and passed through a short column of neutral alumina to remove dissolved copper salts prior to analysis by 1 H NMR. The reaction was terminated by dilution in IPA (another 2.65 mL) and the product was isolated via precipitation in cold hexane before being further characterised by NMR and SEC. An analogous procedure was followed when the 8-arm initiator was employed.
General procedure for a typical chain extension/block copolymerisation using the 4-arm initiator 0.40 grams of the PDMAEA (Mn ~ 9100 g mol -1 ) macroinitiator was synthesised and isolated as described in the previous section and was subsequently dissolved in IPA (1.85 mL). with respect to the macroinitiator) was subsequently introduced in the vial and the polymerisation was allowed to commence at ambient temperature under a nitrogen blanket.
The diblock copolymer P(DMAEA-b-MA) was stopped at ~ 58% of conversion and was isolated via precipitation in heptane (3 times), followed by analysis by both 1 H NMR and SEC. Table S1 ) which is consistent with a constant concentration of propagating radicals suggesting a controlled/living polymerisation. SEC chromatograms (up to 2 h) indicate a monomodal distribution shifting to higher molecular weights with increasing conversion while the dispersities remain low ~ 1.10 ( Figure 1c , Table S1 ). Whilst there is some deviation between the theoretical and experimental values, it is well known that star polymers adopt different hydrodynamic volumes than their linear counterparts which are typically used for SEC calibration. 62, 63 After 2 h a gradual broadening of the molecular weight distributions was observed with Ð ~ 1.31 (after 4 h) and a final dispersity of 2 (~ 86% conversion, Table   S1 ). Importantly, SEC analysis revealed an obvious high molecular weight shoulder which is increasing throughout the reaction (Figure 1c ). This was attributed to typical star-star coupling reactions commonly seen during the formation of star polymers, particularly at high conversions. 64 No low molecular weight shoulders were detected. Interestingly, when a linear initiator was employed, broad molecular distributions were also observed at higher conversions (Figures S2-S10 and Tables S2-S4 ). This data suggest that the polymerization of this monomer using either a linear or a star initiator exhibit significant side reactions, although in the case of the star polymers additional coupling is observed. Although understanding the exact nature of the side reaction could be of interest, this is out of the scope of our contribution. In addition, MALDI-TOF MS was conducted where the main two polymer distribution correspond to PDMAEA terminated with a bromine end group (with either a sodium or hydrogen adduct)
Results and discussion
Synthesis of PDMAEA star homopolymers utilising an 4-arm initiator in DMSO
( Figures S11-S12 ). Thus it is apparent that to synthesise well-defined PDMAEA stars with narrow molecular weight distributions the reactions should be quenched at moderate conversions (up to 40%) in order to maintain low dispersities and good control over the polymerisation (Mn ~ 7300 g mol -1 , Ð ~ 1.13. In order to probe the potential of Cu(0)-mediated RDRP in maintaining control for both lower and higher molecular weights a range of polymerisations were conducted Figure   2 ) could be attained demonstrating the advantages of Cu(0) wire over Cu(0) powder, which has previously employed by Monteiro and co-workers. 
Synthesis of PDMAEA star homopolymers utilising an 4-arm initiator in IPA
As longer reaction times leads to the loss of the constant radical concentration and starstar coupling, the polymerisation had to be ceased at ~ 40% followed by the purification of the macroinitiator in order to maintain the high end group fidelity required to facilitate the synthesis of block copolymers. However, purification of the polymers from DMSO was found to be challenging due to the low miscibility of this solvent with all the solvents employed for the precipitation of PDMAEA, including heptane, hexane and diethyl ether. In order to circumvent this issue IPA was utilised as an alternative reaction medium for the synthesis of PDMAEA as this solvent could be easily removed post polymerisation. In addition, due to the observed loss of control of the polymerisation, it was hypothesised that IPA may lead to slower polymerisation rates, either due to lower polarity of the solvent (in comparison to DMSO) or due to the lower amount of disproportionation of Cu(I)Br. We anticipated that the Cu(0)- (Table S5 ). However, star-star coupling was significantly suppressed in the polymerisation with IPA and only a negligible high molecular weight shoulder could be observed on the SEC trace ( Figure 3c ). It is noted that the reaction mixture appears cloudy/heterogeneous post polymerisation, although the formation of two discrete phases was not observed. On the contrary, a low molecular weight shoulder was evident indicating a small extent of termination during the polymerisation which was further increased when the reaction was left to proceed overnight. Careful kinetic analysis of the polymerisation in IPA revealed a similar trend with the DMSO system, where a linear increase in Mn with conversion and a largely first order dependence on both monomer and propagating radical up to ~45% conversion (Figures 3a &   b) . The discrepancies between the theoretical and the experimental molecular weights are again attributed to the different hydrodynamic volumes of the star polymers. 62, 63 A range of molecular weights were also targeted, demonstrating the capacity of IPA to support the synthesis of well-defined PDMAEA of various DPs given that the conversions were maintained at moderate levels (30-50%) (Figure 3d , Table S6 ). Table S7 ). Thus, well-defined P(DMAEA-b-MA) star copolymers could be obtained for the first time and in a facile manner.
Interestingly, the reduced star-star coupling observed in both the -homo and copolymerisation
further confirms the advantage of heterogeneous systems for the controlled polymerisation of star copolymers in comparison with homogeneous media. 
Synthesis of PDMAEA star homo and copolymers utilising an 8-arm initiator
In order to obtain stars with an increased number of arms, an 8-arm lactose initiator (octa-O-isobutyryl bromide lactose initiator) was utilised by adjusting the previously employed 
Guidelines for termination and purification of PDMAEA stars
As these polymers present broader MWDs with increasing reaction time (especially in the case of DMSO), it is essential to terminate the reaction at an early stage. In order to identify the best way to terminate, 4 different samples were conducted after ~1.5 h of polymerisation of DMAEA in DMSO (Figures 6b, Table S13 ). The first sample was analysed instantly by
NMR and SEC revealing ~42% of conversion and Ð ~ 1.05 respectively. The second sample was stored in a vial at ambient temperature for ~ 18 h prior to NMR and SEC analysis. Despite the exposure in oxygen and the absence of copper wire from the system, ~57% of conversion was confirmed by NMR while SEC presented a highly dispersed polymer with significant high molecular weight shoulder (Ð ~ 1.92). This could be attributed to the slow generation of radicals via light and the subsequent free radical polymerisation of DMAEA. 66, 67 However, when the sample was kept in the dark the same phenomenon was observed suggesting continuation of the polymerisation even in the presence of oxygen. We managed to circumvent this by diluting the third and fourth sample with CHCl3 and IPA respectively, where analysis of the two samples the following day showed that the low dispersities (Ð ~ 1.05) and the conversion (~ 42%) were maintained in both cases. This suggests that a side reaction is occurring, probably either an intermolecular or intramolecular substitution, which is slowed down by dilution. ICP-MS analysis was also conducted revealing <1 % of the initial copper content (5.9 ppm) and thus suggesting that copper might be associated to the side reaction, although the mechanism is unknown and out of the scope of our current contribution.
Alternatively, TEMPO can be used to end cap the polymer chain end which also resulted in maintaining narrow MWDs ( Figure S20 , Table S14 ). 68 It is noted that for the case of IPA, no significant high molecular weight shoulder is observed and there is no further increase in the conversion despite the 4 different ways to store this material. (Table S15) .
As termination and purification of these materials can be rather challenging, we would like to provide some guidelines on how to remove the remaining monomer, as well as how to precipitate low molecular weight tailing when the polymerisation of DMAEA is performed in Precipitation in cold hexane 3 times will ensure the removal of monomer and side-products as evident by the disappearance of all the monomer peaks in 1 H NMR and the low molecular weight material in SEC, respectively (Table S16 & Figures S21-S23 ). Please note, the viscous polymer mixture should be added to hexane or vigorous shaking is required in the reverse scenario (addition of hexane to polymer) so to remove all monomer. During the precipitations a small amount of IPA can be used to collect the precipitated polymer which can then be removed by flushing with nitrogen prior to the next precipitation. 
d) c)
As PDMAEA is known to hydrolyse to polyacrylic acid and N,N'-dimethylaminoethanol, (Scheme S1) the choice of the appropriate polymerisation solvent is crucial. In order to verify this, different solvents were screened to ascertain the degree of hydrolysis of PDMAEA including water, DMSO, IPA, and CHCl3. (Figure 6c , Table S17 ). A PDMAEA of Mn ~ 10500 g mol -1 was synthesised in IPA utilising a 4-arm initiator and isolated via purification (as described in previous section, reaction stopped at 48% conversion) with Ð ~ 1.04. The purified polymer (24 mgs) was subsequently diluted with 0.6 mL of each solvent and the degree of hydrolysis was measured by 1 H NMR. Water revealed a significant amount of hydrolysis after 1 day (~ 36%). A further increase in the extent of hydrolysis was observed in more prolonged times, albeit with a much slower rate, with 73% hydrolysis after 4 weeks for water. Thus, water is an unsuitable solvent for the polymerisation of DMAEA. On the contrary, DMSO, CHCl3 and IPA showed no hydrolysis, even after 30 days, which suggests that they are better candidates for the controlled polymerisation of DMAEA. However, CHCl3
was not selected as the polymerisation solvent due to the potential of this molecule to act as an initiator, in addition to the multi-functional initiator. As such, IPA was chosen as the ideal polymerisation solvent.
Another interesting observation is the challenge in storing such materials. Once precipitated, the purified PDMAEA (Mn ~ 10000 g mol -1 , Ð ~ 1.08) was placed in a vial, and sealed with a cap. After 2 days, a small, yet visible, high molecular weight shoulder was evident in the SEC with an observed increase in the dispersity from 1.08 to 1.15. After one week the dispersity was further increased to 1.25 while after 1 month multimodality was dominant revealing broad molecular weight distributions (Ð ~ 3.57) (Figure 6a , Table S18 ). Hence, it is evident that PDMAEA 4-arm stars cannot be efficiently stored in a vial, even when they are kept under a nitrogen atmosphere. As shown earlier during the hydrolysis study, both CHCl3
and IPA showed negligible, if any, hydrolysis which suggests that both of the solvents could facilitate the successful safe storage of these materials (Figures 6d & S24 and Tables S19 &   S20 ). In addition to that, both solvents have already demonstrated to efficiently terminate the polymerisation (by dilution as shown in previous section) and eliminate star-star coupling. As such, the purified PDMAEA 4-arm star (Mn ~ 10600 g mol -1 , Ð ~ 1.06) was stored separately in IPA and CHCl3 for one month, after which period both samples were analysed by both NMR and SEC. No sign of hydrolysis could be detected by NMR while neither low nor high molecular weight shoulders could be seen in the SEC chromatogram and the initially low dispersity (Ð ~ 1.06 ) was maintained. Therefore, it was shown that both IPA and CHCl3 can be used for the effective storage solvents for PDMAEA stars by preventing both termination and side reactions.
Conclusions
In summary, the synthesis of well-defined PDMAEA stars in a range of molecular weights (Mn ~ 5000-41000 g mol -1 ) was described. Cu(0)-mediated RDRP using Cu(0) wire was successfully employed to control the polymerisation of DMAEA at ambient temperature.
DMSO and IPA were investigated as reaction media, showing slightly different findings. The polymerisation in DMSO proceeded under purely homogeneous conditions in a controlled manner up to ~ 40% conversion with narrow molecular weight distributions attained (Ð ~ 1.1).
When the polymerisation was left to proceed for longer reaction times, high molecular weight shoulders were observed by SEC and the dispersity increased significantly (Ð ~ 2). On the contrary, under heterogeneous conditions (IPA) less star-star coupling is observed while a low molecular weight shoulder appears, indicating terminated polymer chains at the earlier stage of the polymerisation, when the conversion exceeds 55%. Nevertheless, when the macroinitiator is isolated up to ~ 40% conversion, well defined block copolymers can be obtained (Ð < 1.19, Mn ~ 20000 g mol -1 ), demonstrating that high end group fidelity can be maintained up when moderate conversions are targeted. Crucially, a detailed way of how to terminate and purify these materials is also presented by immediate dilution of the reaction mixture into either CHCl3 or IPA which effectively stops the polymerisation. In addition, the storage of PDMAEA stars in these solvents could was also demonstrated, eliminating hydrolysis and preventing star-star coupling.
